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To gain insight into the peculiar temperature dependence of the thermoelectric material SnSe,
we employ many-body perturbation theory and explore the influence of the electron-phonon inter-
action on its electronic and transport properties. We show that a lattice dynamics characterized
by soft highly-polar phonons induces a large thermal enhancement of the Fro¨hlich interaction. We
account for these phenomena in ab-initio calculations of the photoemission spectrum and electrical
conductivity at finite temperature, unraveling the mechanisms behind recent experimental data.
Our results reveal a complex interplay between lattice thermal expansion and Fro¨hlich coupling,
providing a new rationale for the in-silico prediction of transport coefficients of high-performance
thermoelectrics.
The discovery of the record-breaking thermoelectric
properties of SnSe has laid a new milestone in the quest
for high-efficiency thermoelectric materials [1]. SnSe
combines large carrier conductivity σ and Seebeck coef-
ficient S, with highly anharmonic lattice dynamics [2–4].
Anharmonic effects limit the lattice thermal conductivity
κ via phonon-phonon scattering, thus contributing to a
record-high figure of merit ZT = (S2σ/κ)T ∼ 2.6, which
may be even further improved through doping and alloy-
ing [5–8].
As the operational conditions of thermoelectric de-
vices typically involve large temperatures, a quantum-
mechanical description of the electronic and lattice prop-
erties of SnSe across the temperature domain of its ther-
modynamical stability is key to unravel the microscopic
origin of this outstanding thermoelectric performance.
Recent experimental investigations have unveiled a per-
vasive influence of temperature on the electronic and
transport properties of SnSe. Angle-resolved photoe-
mission spectroscopy experiments, for instance, have re-
ported (i) a pronounced dependence of the peak linewidth
on the sample temperature [9], (ii) the emergence at
low temperature of a gap between the first two occupied
bands at the Z point, [10–13], and (iii) a non-monotonic
effective-mass renormalization as a function of tempera-
ture [14]. Density-functional theory calculations fail at
unraveling the origin of these phenomena. Additionally,
theoretical predictions based on the Boltzmann formal-
ism indicate an increase of the electrical conductivity
with temperature – arising from the thermal excitation
of carriers across the Fermi surface – which is in stark
contrast with experimental observations, where a pro-
nounced reduction of charge conduction with increasing
temperature has been observed [5].
These findings seem to suggest a strong interplay be-
tween electronic and ionic degrees of freedom. While
recent theoretical works have thus far provided a com-
prehensive investigation, based on first-principles cal-
culations, of quasiparticle bands [15], defect formation
energies [16], crystal-lattice dynamics [17], lattice an-
harmonicities [4], electron-phonon interaction [18], and
transport properties [15, 19, 20], unraveling the origin
of the peculiar temperature-dependent properties of this
high-performance thermoelectric continues to represent a
major challenge.
In this work, we tackle the temperature-induced renor-
malization of the electronic and transport properties of
SnSe by combining, within a first-principles framework,
the many-body theory of the electron-phonon interaction
in the Fan-Migdal approach and the Boltzmann transport
formalism beyond the constant relaxation time, including
effects of the lattice expansion. We find a strong enhance-
ment of the electron-phonon coupling strength with tem-
perature which stems from the thermal excitation of soft
polar modes and manifests itself through band-structure
renormalization effects, an increase of electron linewidths
by a factor of five between 0 and 600 K, and a highly-
anisotropic renormalization of the hole effective mass.
Our first-principles calculations of the electrical conduc-
tivity are in excellent agreement with experiments, and
demonstrate the importance of accounting simultane-
ously for the temperature-dependence of the scattering
time due to electron-phonon interaction and the thermal
expansion of the crystal lattice. Overall, our results un-
veil a complex interplay between lattice anharmonicities
and electron-phonon coupling which underpins the mi-
croscopic origin of the temperature-dependent properties
of SnSe, paving the way towards the study of transport
phenomena in thermoelectric materials.
SnSe crystallizes in a layered orthorhombic structure
of the Pnma space group [21]. Its phonon dispersion,
as obtained from density-functional perturbation theory
(DFPT), is illustrated in Fig. 1 (a) for momenta along the
high-symmetry line Y-Γ-Z in the Brillouin zone. Phonons
have been computed for the relaxed crystal structure
at zero temperature. SnSe is characterized by soft po-
lar phonon modes with energies smaller than 25 meV
(202 cm−1). The polar character of the optical phonons
manifests itself through the discontinuity in their energy
at Γ and is quantified by large average Born effective
charges (-3.8 for Sn and 3.8 for Se, in good agreement
with previous calculations [2]). In Fig. 1 (b) and (c) ar-
2rows illustrate the atomic displacements corresponding to
the Bu and Bg modes, marked by red dots in Fig. 1 (a),
which exemplify the lattice dynamics induced by polar
phonons in SnSe. A comprehensive characterization of
the optical phonon modes is provided in the Supplemen-
tal Material [22].
The pronounced polar character of SnSe suggests that
the effects of electron-phonon interaction may be im-
portant. Additionally, since the energy scales of the
optical modes are comparable to the room-temperature
thermal energy kBT≃ 25 meV, the population of low-
energy phonons, governed by the Bose-Einstein distribu-
tion nqν = [exp(~ωqν/kBT)− 1]
−1, is subject to a strong
temperature dependence, which may lead to a significant
thermal enhancement of the electron-phonon interaction.
To investigate these aspects on a quantitative ground,
we perform first-principles calculations of the electron-
phonon interaction by evaluating the electron self-energy
in the Fan-Migdal approximation as:
Σnk(ω) =
∫
dq
ΩBZ
∑
mν
|gmnν(k,q)|
2 (1)
×
[
nqν + fmk+q
~ω − ε˜mk+q + ~ωqν
+
nqν + 1− fmk+q
~ω − ε˜mk+q − ~ωqν
]
.
Here nqν and fnk are Bose-Einstein and Fermi-Dirac
occupation factors for phonons and electrons, respec-
tively. ε˜nk = εnk + iη, where εnk are Kohn-Sham
(KS) single particle energies, η is a positive infinites-
imal, and ωqν are phonon frequencies. gmnν(k,q) =
〈ψmk+q|∆qνVKS(r)|ψnk〉 are the electron-phonon cou-
pling matrix elements, where ∆qνVKS denotes the change
of the effective KS potential upon a phonon displace-
ment with momentum q and index ν, and ψnk are KS
orbitals. The polar character of the electron-phonon ma-
trix elements gmnν(k,q) due to the Fro¨hlich interaction
is accounted for following the first-principles method of
Ref. [23]. Equation (1) has been evaluated within the
EPW code [24]. All computational details are provided in
the Supplemental Material [22].
The Eliashberg function α2F (ω) for doped SnSe (here
and below we consider a p-type doping concentration
of 4 · 1019 cm−3), shown in Fig. 1 (d) reflects the
weighted phonon density of states, to which individual
phonons contribute according to their electron-phonon
coupling strength [25]. α2F (ω) exhibits a sharp peak
at 20 meV, which arises from the Bg mode marked
by red dots in Fig. 1 (a). This feature accounts for
about 50% of the total electron-phonon coupling strength
λ = 2
∫
∞
0
dωα2F (ω)/ω, suggesting that the coupling be-
tween electrons and phonons stems primarily from this
mode. This scenario is reminiscent of highly-doped ox-
ides, such as, e.g., TiO2 and EuO, where the formation of
distinctive polaronic satellites in the angle-resolved spec-
tral function [26, 27] has been attributed to the coupling
to a single polar phonon [23, 28, 29].
Figure 1. (a) Phonon dispersion as obtained from DFPT. (b)-
(c) Eigenvectors of the polar phononsBu andBg, respectively,
marked by red dots in (a). (d) Eliashberg function and cumu-
lative electron-phonon coupling strength λ for doped SnSe.
We now proceed to investigate the temperature de-
pendence of the electronic structure. In Fig. 2 (a)-(f),
we show the angle-resolved spectral function due to the
electron-phonon interaction in the diagonal approxima-
tion,
Ank(ω) = −
1
π
ImΣnk(ω)
[~ω − ǫnk − ReΣnk(ω)]2 + [ImΣnk(ω)]2
(2)
at 80 and 600 K for undoped SnSe. Numerical results
for intermediate temperatures (298 and 450 K) are re-
ported in the Supplemental Material [22]. We consider
paths parallel to the three crystallographic directions,
passing through the valence-band maximum (VBM) at
(0, 0, 0.26) A˚−1. The single-particle energies obtained
from DFT band-structure calculations (light blue) are
included for comparison. All energies are relative to the
VBM.
As compared to Eq. (2), the cumulant expansion ap-
proach provides a more suitable formalisms to describe
photoemission satellites [30]. At variance with highly-
doped oxides, however, which exhibit signatures of low-
energy plasmonic and polaronic satellites in ARPES
[23, 26, 29, 31, 32], SnSe does not reveal such effects,
thus, validating a description of its spectral properties
within the Fan-Migdal approximation.
The comparison of the spectral function obtained from
Eqs. (1)-(2) to the DFT band structure, where the
electron-phonon interaction is neglected, reveals a pro-
nounced temperature-dependent renormalization of the
electronic structure. In the low-temperature regime
(80 K), the quasiparticle peaks are broadened by the in-
teraction with phonons, reflecting the finite lifetimes of
photo-excited holes in the valence band. However, the
spectrum exhibits only a small renormalization of the
3Figure 2. Temperature dependence of the angle-resolved spectral function for the valence bands for crystal momenta along the
kx [(a)-(b)], ky [(c)-(d)], and kz [(e)-(f)] directions in the Brillouin zone. The DFT bands (light blue) are superimposed for
comparison. Discrete features in panels (c) and (e) are an artifact resulting from finite crystal-momentum resolution. (g) Hole
lifetime as a function of charge-carrier energies at 80, 298, 450, and 600 K. The isotropic average at a given energy is shown
by dashed lines, whereas the shaded areas indicate energy windows of 50 meV, corresponding to the thermal energy kBT at
600 K for undoped (U) and doped (D) SnSe. (h) Temperature-dependent renormalization of the effective mass along the three
crystal axes. The bare DFT effective masses mb(T ) are shown by dashed lines.
quasiparticle energies, as indicated by their overlap with
the DFT bands.
The increase of temperature to 600 K is accompanied
by a significant enhancement of the electron linewidths
and of the quasiparticle energy renormalization. The
linewidth is more pronounced for binding energies larger
than 0.4 eV. This behaviour, which is in line with re-
cent ARPES experiments performed at room tempera-
ture, is dictated by the onset of the 4p-Se bands, which
enlarges the phase-space available for the decay of photo-
excited holes. At these binding energies, we obtain elec-
tron linewidths ranging between 0.2 and 0.4 eV. As they
become comparable to the energy separation between dif-
ferent valence states, the identification of distinct quasi-
particle bands is obstructed by the large peak broad-
ening, and the spectral features merge together into a
broad background. These results suggest a breakdown of
the quasiparticle picture at high temperatures, whereby
a transition to a strong electron-phonon coupling regime
is induced by the thermal excitation of soft polar modes.
To further investigate the influence of temperature on
the electronic properties, we evaluate the effective-mass
renormalization due to the combined effect of (i) the
electron-phonon interaction and (ii) the anisotropic ther-
mal expansion of the crystal lattice [33]. To account for
these effects, we obtain the effective mass from [25]:
m∗(T ) = m∗b(T )[1 + λnk(T )]. (3)
In this expression,m∗
b
is the bare effective mass extracted
from the DFT band structure. Its temperature depen-
dence stems from the thermal expansion of the lattice
induced by anharmonic effects, which are accounted for
by employing at each temperature the experimental crys-
tal structure [33]. The necessity of accounting for lattice
anharmonicities in SnSe has previously been suggested
in Ref. [20], whereby the use of temperature-dependent
crystal structures has proven important to obtain ac-
curate Seebeck coefficients. The coupling to phonons
is included via the electron-phonon coupling strength
λnk = −~
−1∂Σnk(ω)/∂ω|εF with εF being the Fermi en-
ergy, and n,k denoting the band and momentum index
corresponding to the valence band top.
The temperature dependence of m∗b and m
∗ relative
to m∗
b
(T = 0) is illustrated in Fig. 2 (h). In the low-
temperature limit, our calculations yield m∗b(0) = 0.69,
0.34, and 0.16 me along a, b, and c, respectively, where
me is the electron mass, in good agreement with ear-
lier calculations [15]. The thermal expansion of the lat-
tice leads to a monotonic decrease of m∗
b
(T ) with in-
creasing temperature for momenta along the recipro-
cal lattice vectors ka and kb. The opposite trend ob-
served along kc stems from the negative thermal ex-
pansion of the lattice in this direction [33]. The in-
clusion of the electron-phonon interaction systematically
enhances the effective mass with temperature, owing to
4Figure 3. Electrical conductivity along the crystallographic
axis a for undoped (left) and doped (right) SnSe obtained us-
ing the Boltmann transport equation (BT) with a constant
relaxation time τ = 20 fs; BT with thermal expansion of the
lattice (BT+TE); and combining BT with thermal expansion
and temperature-dependent τ due to electron-phonon cou-
pling (BT+TE+EP). Experimental data (circles) are from
Ref. [5].
the increase of the phonon population via thermal ex-
citation. While the effective-mass renormalization due
to the lattice expansion and the coupling to phonons
sums up along kc, these effects partially cancel out in
the ka and kb directions. Remarkably, along kb the
interplay of lattice anharmonicity and electron-phonon
coupling leads to a distinctive maximum of the effec-
tive mass at around 160 K, a trend in good agreement
with recent ARPES measurements [14]. Overall, these
results reveal a complex interplay of lattice anharmonic-
ity and electron-phonon interactions which underpins a
highly anisotropic temperature-dependent modulation of
the effective mass. Lattice anharmonicities and finite
temperature effects may further influence the electron-
phonon interaction via the change of the phonon disper-
sion for the thermally expanded structure. While finite
temperature calculations have been addressed in the past
[34, 35], accounting for such effects in ab-initio studies of
the electron-phonon interaction is still a challenge.
The hole lifetimes, obtained as τnk = ~/2ImΣnk, and
illustrated in Fig. 2 (g) as a function of carrier energy
for temperatures between 80 and 600 K, further provide
a quantitative estimation of the characteristic timescales
for the relaxation of excited holes, which is critical to
infer the temperature-dependence of the transport prop-
erties. The shaded region indicates the energy window
of thermally excited carriers which take part in transport
phenomena at 600 K for undoped and doped SnSe. Close
to the Fermi energy, we obtain lifetimes of the order of
45-50 fs at 80 K, which drop below 10 fs at 600 K. The
temperature-induced suppression of carrier dynamics is
much more pronounced than in non-polar semiconduc-
tors and insulators, as e.g., diamond [36, 37] and sili-
con [38, 39]. For binding energies larger than 0.4 eV,
Fig. 2 (g) illustrates a further suppression of the relax-
ation time, down to 8 fs (1 fs) at 80 K (600 K).
Finally, to investigate how temperature affects the
transport properties, we evaluate the electrical conduc-
tivity σ via the linearized Boltzmann equation in the re-
laxation time approximation [40]:
σ =
e2
m2e
∑
nk
(
−
∂f
∂ǫ
∣∣∣∣
ǫnk
)
pnkpnk τnk . (4)
Here, pnk = −i~〈ψnk|∇|ψnk〉 is the momentum matrix
element of the electronic state with band index n and
wave vector k, f the Fermi-Dirac distribution function,
and τnk the carrier scattering time. In the following, we
approximate τnk by the isotropic average of the relax-
ation time at the Fermi surface. Calculations based on
Eq. (4) are performed for undoped and doped SnSe, using
the exciting code [41] (all computational details are re-
ported in the Supplemental Material [22]) [42], and com-
pared to measurements from Ref. [5]. For the undoped
SnSe, we assume a hole concentration of 4.5 · 1017 cm−3
to account for the additional carriers induced by the for-
mation of Sn vacancies [20]. The results obtained for the
crystallographic axis a are shown in Fig. 3.
If the temperature dependence of the relaxation time
is neglected (setting τ = 20 fs) in Eq. (4), the stan-
dard expression for the conductivity Boltzmann trans-
port (BT) of both undoped and hole-doped SnSe in-
creases with temperature owing to the enhanced popula-
tion of thermally-excited holes. This behavior, which is
in striking contrast with experiment [5], is ameliorated by
taking into account the thermal lattice expansion at each
temperature (BT+TE, squares in Fig. 3). However, a
good quantitative agreement with the experimental con-
ductivity is only recovered by simultaneously account-
ing for lattice anharmonicities and the temperature-
dependent renormalization of the relaxation time due
to the electron-phonon interaction (BT+TE+EP). The
residual difference between theory and experiment is as-
cribed to uncertainties in the determination of the hole
concentrations and to additional coupling mechanisms,
such as, e.g., impurity, electron-electron, and electron-
plasmon scattering [43], neglected in our calculations.
Overall, our results indicate that, beside influencing per-
vasively the spectral properties, the thermal enhance-
ment of the polar-phonon population is also responsible
for the temperature-induced suppression of hole trans-
port.
In conclusion, we have investigated the influence of
temperature on the electronic and transport properties
of SnSe by accounting for the coupling between elec-
trons, phonons, and lattice anharmonicities within a first-
principles many-body framework. At finite temperature
the electronic structure exhibits thermally-enhanced elec-
tron linewidths, a suppression of hole relaxation times,
and a highly-anisotropic renormalization of the hole ef-
fective masses. These phenomena are attributed to the
5coexistence of soft polar phonons and large Born ef-
fective charges, which induce a strong increase of the
electron-phonon interaction between 0 and 600 K. Ac-
counting simultaneously for the thermal expansion of the
lattice and electron-phonon interaction is key to explain
the temperature dependence of recent experimental data
for the electrical conductivity. Overall, a sizeable ther-
mal enhancement of the electron-phonon interaction may
constitute a general feature of compounds characterized
by low-energy phonons with large Born effective charges
such as, e.g., other Pb- and Sn-chalcogenides [44–46].
This study reveals the crucial importance of accounting
for these processes to accurately describe transport phe-
nomena in high-performance thermoelectrics.
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